Abstract
voltage-sensitive Ca 2+ channels, and the resulting Ca 2+ influx elevate the intracellular Ca 2+ concentration, which in turn causes exocytosis. Whereas the main molecular components involved in exocytosis are increasingly well understood, quantitative understanding of the dynamical aspects of exocytosis is still lacking. Due to the nontrivial spatiotemporal Ca 2+ dynamics, which depends on the particular pattern of electrical activity as well as Ca 2+ channel kinetics, exocytosis is dependent on the spatial arrangement of Ca 2+ channels and secretory granules. For example, the creation of local Ca 2+ microdomains, where the Ca 2+ concentration reaches tens of µM, are believed to be important for triggering exocytosis. Spatiotemporal simulations of buffered Ca 2+ diffusion have provided important insight into the interplay between electrical activity, Ca 2+ channel kinetics, and the location of granules and Ca 2+ channels. By confronting simulations with statistical time-to-event (or survival) regression analysis of single granule exocytosis monitored with TIRF microscopy, a direct connection between location and rate of exocytosis can be obtained at the local, single-granule level. To get insight into whole-cell secretion, simplifications of the full spatiotemporal dynamics have shown to be highly helpful. Here, we provide an overview of recent approaches and results for quantitative analysis of Ca 2+ regulated exocytosis of hormone-containing granules.
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Introduction
The endocrine system is a physiologically important collection of glands that secrete different kind of hormones to control other target cells [1] . Prototype endocrine cells include the pancreatic α-and β-cells, andrenal chromaffin cells, and pituitary cells. Their crucial role in regulating various physiological pro-5 cesses makes the study of the cellular mechanisms in endocrine secretory cells of great importance. In particular, functional impairment of these cells leads to serious diseases such as diabetes [2] .
In most endocrine cells, the hormones are contained in secretory granules that, in response to a series of cellular mechanisms culminating with an in-10 crease in the intracellular Ca 2+ concentration, fuse with the cell membrane, a process denoted exocytosis. The main events underlying hormone exocytosis and release are shared with exocytosis of synaptic vesicles underlying neurotransmitter release in neurons [3, 4] .
The molecular machinery involved in exocytosis is increasingly well under-15 stood, and involves isoforms of the SNARE proteins syntaxin and and SNAP, which are located in the cell membrane, and VAMP, also called synaptobrevin, inserted into the vesicle/granule membrane [4] . The SNARE proteins can form a so-called SNARE complex, which drives fusion of the two membranes, which -in the case of endocrine cells -allows the hormone molecules contained in 20 the granule to exit the granule and enter the blood stream. SNARE complexes interact with many other proteins, notably Ca 2+ -sensing proteins such as synaptotagmins, which trigger exocytosis upon Ca 2+ binding [4] . Thus, the local Ca 2+ concentration at the Ca 2+ sensor of the exocytotic machinery is an important determinant of the probability (rate) of exocytosis of the secretory 25 granule. This fact will be a recurrent theme in the present paper.
Depending on their ability to undergo exocytosis, granules in endocrine cells are frequently divided functionally into a readily releasable pool (RRP) and a number of reserve pools [5] [6] [7] [8] [9] . The readily releasable granules are immediately available for secretion and typically consists of 1%-5% of the total number of 30 granules in the cell [7] . After exocytosis of these granules, the RRP is resupplied by granules from the reserve pools. However it is still unclear if the refilling process involves physical translocation of granules within the cell, chemical modification of granules already situated at the membrane, recruitment of exocytotic proteins, or a combination of these processes, which are commonly referred to 35 as priming [10] [11] [12] . In this paper we will not review mathematical models of the dynamics of the granule pools, but focus only on quantitative approaches to the study in the last step in the life of a secretory granule, i.e., exocytosis (see e.g. [13, 14] for recent reviews of models of granule pools in β-cells, and [9] for a discussion of pools and models of synaptic vesicles). 
Experimental techniques for investigations of exocytosis

Recording single exocytotic events
Using the patch-clamp technique, individual exocytotic events occurring in a patch of the cell membrane can be observed at discrete steps in membrane capacitance C m [15] [16] [17] [18] . For instance, the fusion of a 300-nm-diameter granule 45 with the plasma membrane yields an electrically detectable step in C m of 2-3 fF [1, 7] . However, the observation of such events is somewhat "lucky punches" in the sense that it is impossible beforehand to estimate the number of granules in the investigated membrane patch, and thus, the experimenter has little idea of the maximal or expected number of exocytotic events that can be observed 50 in response to a stimulus. Hence, rates of exocytosis of the single granules (i.e., the number of events divided by the total number of available granules) can not be estimated reliably from such data.
Live-cell imaging provides an alternative experimental method for the study of single exocytotic events. For example, two-photon imaging of pancreatic 55 islets bathed in the tracer sulforhodamine-B allows the detection of single fusion events as the tracer enters the granule through the fusion pore, resulting in bright spots below the cell membrane [19] [20] [21] . A major advantage of this technique, due to the two-photon microscopy technique is the possibility to monitor exocytosis in cells deep within their natural environment, i.e., within intact 60 pancreatic islets, whereas e.g. capacitance recordings typically are performed on single cells or membrane patches. However, the use of sulforhodamine-B as an extracellular marker does not allow the visualization of secretory granules before they undergo exocytosis. Thus, as for the electrophysiological methods, the single-granule rate of exocytosis can not be estimated.
In contrast, labeling of the secretory granules with one of several fluorescent markers [22, 23] allows the experimenter to follow the single granules with the use of total internal reflection fluorescence (TIRF) microscopy [11, [24] [25] [26] [27] [28] [29] [30] [31] . TIRF imaging excites fluorescent reporters in a thin (a few hundred nanometer) layer below the cell membrane attached to the coverslip, thus allowing observation of 70 the granules located at the membrane while minimizing the signal from granules deeper within the cells. It is therefore possible to investigate three-dimensional spatial movement of the granules as they approach the membrane, become ready for exocytosis, and eventually undergo exocytosis. Combined with other fluorophores and two-color imaging, it is possible to monitor e.g. Ca 2+ levels [32, 33] 75 or protein abundance [11, 29, 34] at the individual granules. With such data it is possible to relate rates of exocytosis to signals and molecules controlling single fusion events. An example of such an analysis is given below (Section 4).
Measuring whole-cell exocytosis as capacitance increases
Monitoring the total cellular amount of exocytosis in response to various 80 stimuli can relatively easy be performed using the patch-clamp technique. As mentioned above, the fusion of granules with the plasma membrane effectively increases the area of the cell membrane. Since the membrane capacitance is proportional to the area, this leads to an increase in whole-cell capacitance, which can be measured using either the whole-cell or the perforated-patch variants of 85 patch-clamping [1, 7, 35] . Two major stimulation protocols have been applied to investigate rapid exocytosis in various endocrine cells. One option, which is typically used to investigate directly the Ca 2+ sensitivity of the exocytotic machinery, is to load the cell via the patch pipette with "caged" Ca 2+ , i.e., Ca 2+ bound to a light-
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sensitive buffer, which upon light stimulation is released [1, 3] . This so-called "flash release" rapidly increases the Ca 2+ concentration uniformly in the cell to levels that can be measured simultaneously which Ca 2+ sensitive probes. By relating the Ca 2+ levels to the increases in membrane capacitance as a measure of exocytosis, it has been revealed that endocrine exocytosis typically occurs 95 when the Ca 2+ concentration is raised to tens of µM [36] [37] [38] . More recently, pools with higher Ca 2+ sensitivity (∼2 µM) were found in chromaffin [39] and β-cells [40, 41] . In chromaffin cells, the capacitance traces can typically be described as a sum of exponentials, which led to a mathematical model describing the exocytotic response as occurring from two different pools that are mutually 100 connected [6] . Recently, this model was simplified by assuming that a priming step was Ca 2+ dependent, and by confronting the models with experimental data, the authors concluded that the sequential model with release from a single pool effectively described Ca 2+ -dependent properties of secretion [42] . Although flash-release gives important insight into the Ca 2+ -sensitivity of 105 the release machinery, the method is unphysiological since Ca 2+ is raised artificially, and not because of Ca 2+ influx via voltage-dependent Ca 2+ channels [3] . A more physiological protocol is to depolarize the cell, which opens Ca 2+ channels, and consequently triggers Ca 2+ influx and exocytosis [1, 3] . During the depolarization it is possible to measure the Ca 2+ current, whereas the cell 110 capacitance can only be measured reliably before and after, but not during, the depolarization. To investigate the kinetics of exocytosis it is therefore necessary to apply depolarizing pulses of varying duration. The analysis of this so-called pulse-length protocol was recently performed in details [13] as summarized in Section 6.1. 
Clustered data
Although not uniquely related to the investigations of exocytosis, we wish for a moment to dwell upon the statistical analysis of cell biological experiments. Typically, several observations are performed in the same cell, e.g., subsequent depolarizations to evoke exocytosis, or imaging recordings of many exocytotic 120 events within the same cell. Such experimental data have an inherent clustered structure where observations performed on the same cell correspond to a cluster. It should be expected that measurements from the same individual cell are correlated since they share some specific characteristics of that cell. For example, some cells may be highly-responding, while others are not, and hence, 125 if e.g. a large amount of exocytosis is measured in response to a first depolarization, it should be expected that a subsequent depolarization also triggers much exocytosis. Therefore, it seems reasonable to assume that the recordings from a single cell are independent between each other only if we condition on the cluster, while observations in different cells are independent (independence between clusters).
If the data analysis is performed on pooled data, i.e., neglecting the fact that the data was obtained from different cells that have natural cell-to-cell heterogeneity, inference may be distorted, although maximum likelihood estimates obtained ignoring clustering are valid. It is a well-known fact in the statistical 135 literature [43, 44] , but often not considered in biology, that ignoring clustering typically leads to underestimation of standard errors, and thus to small 'naive' p-values.
A commonly used approach to correct for clustering is to estimate the variance-covariance matrix using the so-called robust or sandwich estimator R 140 [44] . From R, robust standard errors for maximum likelihood estimates (obtained neglecting clustering), and correct Wald-type 95% confidence intervals can be obtained. More advanced likelihood methods based on the sandwich estimator have also been proposed [44] .
Mixed-effects models [13, 45] provide an alternative statistical approach to 145 take into account natural cell heterogeneity, and to handle the situation with intra-cellular correlation and random variation due to biological differences between cells. In these models, fixed effects that describe the main interest of the study, e.g., difference between groups, are combined with random effects that model how the individual cell responses deviate from the group average.
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Thus, in contrast to the adjustments based on the sandwich estimator, the cell-to-cell variation is modeled, which allows the investigator to quantify cell heterogeneity, while providing correct estimates of standard errors of the fixed effect parameters. Finally, a more extreme way to remove the clustering problem is to average 155 measurements from one cell into a single data point. Although this approach takes care of the clustering problem, it discards information in the data, which reduces the power of the statistical tests considerably, and may bias the final result. Further, for some experiments, such as the pulse-length depolarization protocol (see Section 6.1), data from one cell cannot be summarized to a single 160 data point in a straightforward, meaningful way. The statistical approaches mentioned above use all information in the data, but adjust, e.g., standard errors and p-values for the presence of clustering.
Local control of exocytosis by Ca 2+ microdomains
Mathematical modeling has played an important role for the development 165 of current theories of the control of neurotransmitter and hormone release.
Whereas it was early well-established that Ca 2+ influx is crucial for triggering exocytosis in neurons [46] and endocrine cells [47, 48] , the spatial organization of the Ca 2+ channels and the release machinery is only beginning to be clarified (see e.g. [49] and Section 4). Thus, for decades mathematical modeling was the main approach to study the relation between individual granules and single Ca 2+ channels. 2+ channel is open, the local Ca 2+ concentration reaches tens to hundreds of µM, which decays within tens of nm from the channel. Based on these simulation results it was proposed that the spatial localization of the synaptic vesicles compared to the Ca 2+ channels is of 180 great importance for determining the amount of neurotransmitter release, since vesicles near the channels will be exposed to much higher Ca 2+ concentrations. Consequently, the relation between synaptic release and the whole-cell Ca open channels increases when the membrane potential becomes depolarized, the Ca 2+ driving force and hence the single channel current decreases. This means that there will be more Ca 2+ microdomains in response to depolarizations, but each microdomain will have lower Ca 2+ concentration. This will be discussed in greater details below (Section 6). We refer to Neher [52, 53] for classical reviews they could simulate exocytosis under various conditions, which was then compared to experimental results. They found that release from chromaffin cells is well-described by an arrangement where the Ca 2+ sensors of most granules are located ∼300 nm from Ca 2+ channels, while the exocytotic machinery of a small (∼8%) pool of granules is located at ∼30 nm from the channels [54] .
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Since the major part of the granules are located some distance from Ca 2+ channels, buffering parameters become important for the control of Ca 2+ levels and exocytosis. In summary, these authors proposed that in (neuro-)endocrine cells most exocytosis occurs outside microdomains.
The roles of Ca 2+ buffering and diffusion obstacles were further studied by 210 diffusion modeling in pituitary cells [55] , and with Monte Carlo simulations in neurons [56] . These studies found that diffusion barriers, such as intracellular structures [55] , or the synaptic vesicles themselves [56] , can profoundly modify the spatiotemporal Ca 2+ profiles which might influence the amount of exocytosis, partly because of Ca 2+ buffer saturation [55] . Further, electrostatic forces 215 may influence the formation and shape of microdomains [57] . The interactions and relative importance of these and other local effects on Ca 2+ microdomains and exocytosis are still to be clarified, both experimentally as well as theoreti-cally.
Mathematical and statistical modeling of local Ca
2+ control of exocytosis in β-cells
Insulin is released from pancreatic β-cells in response to elevated glucose levels, and disturbed insulin secretion is now generally recognized as pivotal for the development of diabetes [2] . The hormone acts on target tissues such as the liver, muscles and fat cells to reduce glucose production and promote glucose 225 uptake.
We have recently been involved in a study investigating how local Ca 2+ relates to exocytosis of insulin-containing granules (Gandasi et al., submitted ). Using TIRF microscopy, labelled granules and Ca 2+ levels were monitored simultaneously in insulin-secreting β-cells. A major question of interest is the 230 spatial organization of the secretory granules and the Ca 2+ channels that provide the influx of Ca 2+ , which triggers exocytosis. We performed spatiotemporal simulations of buffered Ca 2+ diffusion using the simulation software CalC [58] in order to investigate how distance to the nearest Ca 2+ channels was related to the Ca 2+ level at the secretory granule
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( Fig. 1) . Because of the nonlinear properties of the fluorescent Ca 2+ sensor and cell-to-cell variance, we found that the absolute value of the fluorescent signal was a poor proxy for this distance. In contrast, the risetime of the Ca 2+ sensor signal was a much more robust readout of how far the granule was located from a Ca 2+ channel. The risetime of the Ca 2+ signal was found to be pro-
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portional to the square of the distance to the channel, as can be expected for a diffusion process. In this way, we estimated the distance to the nearest Ca
2+
channel for each single granule, and histograms of the distances for granules that underwent exocytosis (responders) could be compared to non-responders. As expected, non-responders were located further away from Ca 2+ channels.
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However there was a large overlap between the two distributions, suggesting that exocytosis also occurs at some distance from Ca 2+ channels and not only from microdomains. Using electrophysiological techniques, we reached a similar conclusion in another study [59] . This also corresponds to the conclusions in the modeling study by Klingauf & Neher [54] .
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We moved on to investigate directly how the risetime of the Ca 2+ sensor signal (as a proxy for distance to a Ca 2+ channel) at the individual granules was related to their rate of exocytosis using time-to-event analysis (Gandasi et al., submitted ). Time-to-event (also known as survival or failure time) analysis is an area of statistics typically used for clinical or demographic data where 255 individuals are followed over time until either the observation of a certain event of interest, such as death, onset of disease, conception, first-time marijuana use, etc., or until they exit the study with no event or the end of the study [60, 61] . Another common area of its application is reliability engineering where the interest is the time to failure of an instrument or machine [62] . The data structure ] over time in a circle centered at the channel cluster with radius 150 nm (blue), or consecutive annuli with outer radius of 300 nm (green), 500 nm (red), 750 nm (light blue). D-F) as in panels A-C, but convolved with the parameters of the imaging system and the Ca 2+ sensor. Note that because of saturation of the Ca 2+ sensor, in panel F the amplitudes are more similar than in panel C, but differences in risetime remain.
allowed us to apply these well-established statistical methods on completely different biological and temporal scales. Risetime was measured as the time it took for the Ca 2+ sensor signal at each granule to reach its half maximum (t 1/2 ). To quantify how the risetime 265 influences the rate of exocytosis, we fitted Cox's proportional hazards regression models with log(t 1/2 ) as covariate. To account for cell-to-cell variation, granules within a cell were considered as clustered data (Section 2.3) and a marginal Cox model was used to obtain robust estimates of standard errors [61] . We found that the rate of exocytosis drops by ∼50% when the risetime doubles. Using the 270 quadratic relation between distance and risetime, obtained from diffusion modeling as explained above, allowed us to go from distance to risetime, and with the results from the Cox regression model, to the rate of exocytosis. Accordingly, we estimated that if a Ca 2+ -channel moves 50% closer to a granule the release probability increases approximately four fold. In summary, this study In another work (Cortese et al., submitted ), we applied time-to-event analysis to exocytosis data from healthy and diabetic human β-cells monitored with
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TIRF microscopy to quantify rates of exocytosis and pool sizes. In survival analysis, univariate frailty modeling is a method to take into account unobserved differences in rates between individuals [63] . Since TIRF imaging of the secretory granules can not reveal their release propensity, i.e., whether they belong to the immediately releasable pool (IRP) of granules, we allowed for unobserved 285 heterogeneity by including frailties in our statistical model. This approach allowed us to estimate the size of the IRP directly from single-granule exocytosis data, which we found to be ∼2.6% of the docked granules, i.e. ∼20 granules per human β-cell, in healthy individuals, whereas the IRP was about half as big in diabetic β-cells.
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We thus conclude that time-to-event analysis methods can be advantageously applied to cell biological data to provide statistically sound results on completely different biological and temporal scales than their typical areas of application, as showed by the two studies mentioned here. ing hormone-secreting gonadotrophs under basal conditions -and a form of bursting known as pseudo-plateau bursting often observed in prolactin-secreting lactotrophs, growth hormone-releasing somatotrophs, and ACTH-secreting corticotrophs, where the burst duration is at most a few seconds and the spikes that ride on the elevated voltage plateau are very small [64] . Various studies 310 has highlighted an important role for large-conductance Ca 2+ -sensitive K + (BK) channels in promoting bursting in pituitary cells [65, 66] . Simultaneous measurements of both electrical activity and Ca 2+ concentration have established that the amplitude of Ca 2+ fluctuations is greater in a bursting cell than in a spiking cell [65] , leading to the hypothesis that bursting cells release more hormones 315 than spiking cells [64] . Simultaneous single-cell measurements of electrical activity, Ca 2+ and release should be performed in order to test this hypothesis experimentally, however this is not yet technically feasible.
Recently, we exploited a hybrid experimental/modeling approach to explore the hypothesis that bursting cells release more hormone than spiking cells [67] .
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We built a mathematical model of stochastic Ca 2+ channel activity, Ca 2+ diffusion and binding to buffer, and finally Ca 2+ -driven exocytosis. The model was driven by experimentally recorded voltage traces exhibiting spiking and bursting patterns in the same cell (Fig. 2) . The shift from one type of electrical activity to the other was obtained using either BK channels blockers or the dynamic 325 clamp technique, which injects an artificial BK-current into the cell [66, 67] .
We simulated realistic, stochastic Ca 2+ channel kinetics in response to the recorded electrical traces. The resulting stochastic Ca 2+ influx was then used to simulate buffered Ca 2+ diffusion using CalC [58] . We then located the exocytosis machinery at different distances from the Ca 2+ channel and used the Ca concentration at that location to drive the exocytosis model (Fig. 2) . This allowed us to calculate the average number of fused granules over time at different distances, and as a function of the total Ca 2+ charge entry. First, we assumed the presence of a primed pool of granules [67] . We observed that when the release site was located 100 nm from the channel, exocytosis would be similar 335 with both spiking and bursting, since the Ca 2+ concentrations at the exocytotic machinery are in both cases saturating, and hence the primed pool is released at maximum speed within a few seconds whether driven by spiking or bursting electrical activity. Bursting triggered more exocytosis than spiking when the release site was situated further from the channel, at 300 nm or 500 nm, but in 340 either case the primed pool was depleted fairly rapidly [67] .
Most secretion measurements are made from a cell population over a period of minutes or tens of minutes. In such measurements the resupply of the primed pool by the reserve granule pool is rate limiting. We therefore simulated the effects of resupply by emptying the primed pool at the beginning of the simulation 345 [67] .
In this case, bursting evokes more release regardless of the distance between the channel and the granule. This is in spite of the fact that at short distances the local Ca 2+ concentration saturates the release site, and highlights the importance of the dependence of resupply on the global, rather than local, Ca [67] . Recorded spiking (A) or bursting (B) electrical activity (upper row) was used to calculate stochastic single channel currents i Ca (second row), which were used to simulate [Ca 2+ ] at different distances from the channels (third row). The Ca 2+ traces at different distances were then fed into a model of exocytosis to calculate secretion (lower). concentration in our model. That is, the simulated global Ca 2+ concentration is higher during bursting than during spiking, and this results in a greater rate of resupply in response to bursting. When the channel is close to the release site all granules becoming available due to the resupply are fused almost immediately, so resupply is rate limiting. Farther than 200 nm from the channel, local Ca
concentrations start to play a predominant role since the exocytosis machinery is no longer saturated, and therefore differences in local Ca 2+ levels as well as global levels are responsible for differences in the exocytosis rates.
There are two factors that contribute to the greater effectiveness of bursting at evoking secretion in the model. One is that bursting brings in more Ca 2+ ,
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which increases the resupply rate relative to spiking, as mentioned above. The other is that the dynamics of Ca 2+ diffusion and the exocytotic machinery favor the bursting signal over the spiking signal. That is, bursting is more efficient than spiking at evoking release. To test the latter, we plotted the number of fused granules versus the total Ca 2+ entry Q. For release sites closer than 200 365 nm from the channel the efficiency of the spiking and bursting patterns were virtually the same. It is only at distances of 200 nm or greater that bursting becomes more efficient than spiking, since at these distances the number of fused granules per total Ca 2+ entry is larger when the cell is bursting. This is due to the longer duration of the bursting events, which produce longer-duration 370 
Ca
2+ signals that are advantageous for the exocytosis machinery that requires the binding of three Ca 2+ ions to evoke granule fusion. In fact, in simulations in which only two Ca 2+ ions are needed to evoke fusion, the efficiency of spiking and bursting are the same at a 200 nm distance, and bursting is only slightly more efficient at 300 and 500 nm distances.
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Interestingly, at increased spike frequency, our model suggested that bursting was no longer superior to spiking when normalizing to Ca 2+ influx. This is because the interval between each increase in local Ca 2+ shortens, so the higher effectiveness of bursting might only be observed for release sites further away from the channels. Nevertheless, the bursting pattern caused by the presence of 380 a BK current evoked more granule fusion because of the high average bulk Ca 2+ during bursting, which results in higher rate of replenishment of the primed granules. If spiking frequency is further increased relative to bursting frequency so that the total amount of active time is the same, then bulk Ca 2+ will be similar and so will the priming rate. In that sense, the bursting pattern is not 385 more effective than the spiking pattern if the amount of activity (and therefore Ca 2+ entry) is normalized. In summary, we found that bursting is typically more effective at evoking secretion than is continuous spiking [67] . When bursting is induced in a spiking gonadotroph by injecting a BK-type current with dynamic clamp, the burst pat-390 tern is generally at least as effective as continuous spiking at evoking hormone release, and is often considerably more effective. The superiority of bursting over spiking is due to the fact that bursting brings more Ca 2+ into the cell, thus augmenting both local and global Ca 2+ levels, which in turn increases resupply of secretory granules and exocytosis. However, we further observed that 395 when spiking frequency is higher, this difference between spiking and bursting in evoking exocytosis is considerably reduced.
From local to global: whole-cell modeling of exocytosis
Whole-cell imaging of Ca 2+ has become a routine experiment, and many mathematical models of global Ca 2+ levels have been published, also for en-400 docrine cells. However, as discussed in the previous sections, local Ca 2+ levels near Ca 2+ channels determine the rate of exocytosis of the granules. Whole-cell Ca 2+ levels reflect microdomain Ca 2+ concentrations as well as the number of such microdomains in a rather simple way, as can be seen as follows.
The prototype model of the bulk cytosolic Ca 2+ concentration, Ca c , neglecting internal stores, is
where f is the ratio of free (non-buffered) to total Ca 2+ , α changes current to flux, and k is the rate parameter for Ca 2+ extrusion. The whole-cell Ca
2+
current is typically modeled in a Hodgkin-Huxley fashion as
with m and h activation and inactivation variables, respectively, and Ca
Nernst potential V Ca . The maximal whole-cell conductance g Ca is given as the product of the number of Ca 2+ channels, n Ca , and the single-channel conductance γ.
From Eq. 1, we obtain that at steady-state,
Thus, the bulk Ca 2+ level is proportional to the number of open channels, n Ca m n h, and to the single-channel current i Ca = γ(V − V Ca ). Assuming a discrete spatial distribution of the Ca 2+ channels, the number of microdomains is also equal to n Ca m n h. Further, the local Ca 2+ concentration is proportional to i Ca [52] . Thus, under moderate assumptions, the bulk cytosolic Ca 2+ concentration is proportional to both the number of microdomains and to the microdomain Ca 2+ concentration Ca md , and hence also to the average microdomain Ca 2+ levels Ca md , i.e., the average of local Ca 2+ levels near the Ca 2+ channels, whether open or closed,
During electrical activity or voltage-clamp depolarizations, Ca 2+ enters the cell via Ca 2+ channels, and exocytosis is controlled by the non-uniform Ca
concentrations around Ca 2+ channels and in the submembrane space. Nonetheless, a common, but (as will be discussed in details below) erroneous, way of modeling exocytosis during such conditions, is to let whole-cell exocytosis be a (typically) nonlinear function of Ca c . However, this approach is valid for the study of exocytosis in response to flash-released buffered Ca 2+ , which elevates the Ca 2+ concentration uniformly. Under this experimental protocol, the rate of exocytosis is generally well described by a sigmoidal function of the Ca 2+ concentration, which is believed to reflect the intrinsic, biochemical, cooperativity of the exocytotic machinery. We can write the results of such flash-release experiments as R c = σ(Ca c ).
Typical half-max (K D ) parameters are of the order of tens of µM [36] [37] [38] . This relation has been (erroneously) applied (also by us [8] ) to the local control of exocytosis to model whole-cell exocytosis under conditions when Ca c is not uniform asR
However, the local control of exocytosis reflects the intrinsic Ca 2+ dependence, i.e., single-microdomain exocytosis is
and hence whole-cell release (assuming only release from microdomains with an open channel) is
Whereas Eq. 6 express whole-cell exocytosis as a function of average mi-
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crodomain Ca 2+ , Eq. 8 express whole-cell exocytosis as the sum of microdomain exocytosis. Because of the nonlinear, sigmoidal form of σ, R c andR c differ. For example, when few channels are open, Ca md may be only modestly above the bulk Ca 2+ concentration and well below the K D of σ, implyingR c ≈ 0 suggesting almost no exocytosis. In contrast, the more correct interpretation would 415 be the following. If the microdomain Ca
2+ levels near open Ca 2+ channels is well above the K D of σ, then exocytosis would occur rapidly near these open channels, and whole-cell exocytosis could be non negligible. These arguments are summarized in Fig. 3 .
In summary, since some Ca 2+ channels are open while others are closed 420 during electrical activity or voltage-clamp depolarizations, the Ca 2+ level near releasable granules is nonuniform, and because of the nonlinear behavior of the exocytotic machinery whole-cell exocytosis can not be modeled as a function of the average microdomain Ca 2+ concentrations or the bulk cytosolic Ca 2+ level.
Distinguishing pool depletion from Ca
Another widely-used electrophysiological method to study whole-cell exocytosis is to depolarize the cell membrane using voltage clamp and the patch-clamp technique [35] . The depolarization opens Ca 2+ channels, allowing Ca 2+ influx and exocytosis. During the depolarization it is possible to measure the Ca 0.8
Relative exocytosis Figure 3 : Relation between Ca 2+ concentration and exocytosis. The curve corresponds to the sigmoidal relation between Ca 2+ levels and exocytosis in β-cells, which can be described by a Hill function with K D = 17.3 µM and Hill coefficient n = 5 [38] . The red dashed lines show the relative amount of exocytosis that can be expected from granules located in Ca 2+ microdomains and exposed to 30 µM Ca 2+ . These granules will exocytose with rate equal to 94% of their maximal rate. If for example 1/6 of the Ca 2+ channels are open, this would give a whole-cell exocytosis rate Rc of ∼16% of the maximal rate (cf. Eq. 8). If in contrast the average microdomain Ca 2+ contration of 1/6 · 30 µM = 5 µM was used to calculate whole-cell exocytosis using Eq. 6, one finds that exocytosis is virtually absent (Rc = 0.2% of maximal whole-cell exocytosis, blue dashed curves).
exocytosis, measured as the increase in capacitance ∆C m , it is therefore necessary to apply depolarizing pulses of varying duration. Exocytosis typically proceeds at a higher average rate during shorter than during longer depolarizations, which has traditionally been interpreted as being the result of the 435 depletion of a small pool of granules located near Ca 2+ channels, the so-called immediately releasable pool (IRP) [68] .
However, the Ca 2+ currents inactivate on a timescale similar to the decay in the rate of exocytosis. Thus, it may be that exocytosis proceeds more slowly not because of pool depletion, but rather because the triggering Ca 2+ signal 440 is reduced towards the end of longer depolarizations as result of Ca 2+ current inactivation. It has therefore been suggested that the amount of exocytosis (∆C m ) should be related to the total amount of Ca 2+ that entered the cell during the depolarization Q [69, 70] . For a depolarization of duration t this quantity is described by the integral of (the absolute value of) the whole cell
|I Ca |(s)ds. Recently, we investigated theoretically the interaction between pool depletion and Ca 2+ current inactivation in details [70] . Assuming a single pool of granules that does not refill on the short time-scales relevant for the depolarization protocols, it can be shown that pool depletion can be revealed by relating 450 the amount of exocytosis (∆C m ) to Ca 2+ entry (Q) as follows. The pool size X is described by
where R c (t) is the whole-cell rate of exocytosis, which depends on the timevarying Ca 2+ currents, but is assumed not to depend on X(t). Since refilling of the pool is slow [71] [72] [73] [74] , it is assumed not to take place during the short (<1 second) depolarizations studied here.
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The cumulative capacitance increase during a depolarization ∆C m reflects the amount of exocytosis and is given by
since no refilling is assumed. It is also assumed that endocytosis is negligible [75, 76] . Equation 9 describing the granule pool dynamics can be solved explicitly to yield
When inserting this expression in Eq. 10, the following explicit formula for the cumulative capacitance is obtained, [52, 77] . During voltage-clamp depolarizations, the whole-cell Ca 2+ -current I Ca might inactivate, which is caused by the closure of single Ca 2+ -channels, i.e, the number of open channels decrease during the depolarization but with no change to the single-channel current i Ca through the remaining open channels. As discusses above, this implies that the number of MDs N md (t) = n Ca m n h, which is proportional to I Ca (t), decreases, but the Ca 2+ -concentration is unchanged in the remaining MDs. The rate of exocytosis from each MD, R md = R md (Ca md and R md . The total rate of exocytosis can then be expressed as (see Eq. 8)
where A = R md /|i Ca |. From Eq. 12 we then obtain
Note that Eq. 14 describes simple first-order pool kinetics when time is rescaled to Q(t).
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If AQ(t) is small, i.e., if the cumulative exocytotic rate is sufficiently low, then the granule pool does not deplete substantially and Eq. 14 simplifies to
Thus, in the case of no pool depletion and with exocytosis of each granule controlled by a single channel, cumulative exocytosis is linearly related to total Ca 2+ entry [78] . However, if the granule pool is eventually depleted, then ∆C m will be a concave function of Q (Fig. 4) . Hence, ∆C m must be analyzed as a function of Q to decide whether pool depletion occurs, since Ca 2+ -channel inactivation 465 might masquerade as pool depletion when considering capacitance increase as a function of depolarization length. Similar considerations and conclusions are reached also for more complex scenarios with, e.g., more Ca 2+ channels per granule, different Ca 2+ channel types, etc., as discusses in the original paper [70] . 
Mixed-effects modeling of pulse-length capacitance data
We have applied the theory from the previous section to data from pancreatic α-cells [79] and β-cells [13, 59] to investigate whether previous interpretations of depolarization-evoked exocytosis are supported when Ca 2+ current inactivation is taken into account. We applied linear mixed-effects modeling to handle cell-to-cell heterogeneity and the fact that data was obtained by applying depolarizations of different lengths to each cell, creating clustered data (Section 2.3).
We found no evidence of pool depletion in mouse α-cells [79] and β-cells [13] since the capacitance increases (reflecting exocytosis) were linearly related to Ca 2+ influx Q. There was substantial cell-to-cell variation, highlighting the 480 need for correcting for the clustered structure of the data. In contrast, INS-1 β-cells possess a tiny immediately releasable pool, but most exocytosis occurs proportionally to Ca 2+ influx, suggesting that also in these cells pool depletion plays little role if shaping the exocytosis patterns seen on short, sub-second, time-scales under the conditions used in these patch-clamp experiments. We 485 note that in other endocrine cell types there is evidence of pool depletion also when relating exocytosis to Ca 2+ entry [71, 80] . Further, pool depletion may be important for shaping insulin secretion under more physiological settings [5, 81, 82] .
Control of exocytosis by different types of Ca
2+ channels
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So far, we have made no distinction between how different types of Ca 2+ channels couple to exocytosis. Since the various types of Ca 2+ channels differ in their kinetics and single-channel currents, the relation between ∆C m and Q can be modified considerably if exocytosis (∆C m ) is controlled by a specific Ca 2+ channel type while Q measure total Ca 2+ influx through all channel types [70] .
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It has been suggested that in pancreatic α-cells (which release glucagon that raise the plasma glucose concentration, i.e., has the opposite effect of insulin) exocytosis is coupled to different types of Ca 2+ channels in a complex manner controlled by cAMP, and that this arrangement underlies the fact that glucagon-like peptide 1 (GLP-1) lowers glucagon release, while adrenaline in-500 creases secretion [83] , although both GLP-1 and adrenaline act via cAMP. In particular, fusion of glucagon-containing granules have been found to depend on P/Q-type Ca 2+ channels [84] . GLP-1 raises cAMP modestly, which inhibits P/Q-type channels and reduces exocytosis, whereas adrenaline increases cAMP levels much more which activates L-type Ca 2+ channels and switches exocytosis 505 to depend on L-type Ca 2+ currents rather than P/Q-type channels [83, 84] . Recently, we [85] devised a model that characterizes in detail ion channels, the intracellular calcium dynamics and possible priming or recruitment of granules around the Ca 2+ channels of various types, with the aim to investigate theoretically these aspects of pancreatic α-cell function (Fig. 5) . The devised 510 mathematical model of electrical activity and exocytosis in mouse α-cells was an updated version of previous models [86, 87] . Although α-cell electrical activity is well studied [86] [87] [88] , coupling to exocytosis is not. Therefore, our model coupled electrical activity to exocytosis to give a unified picture of the main mechanisms that control glucagon secretion. We modelled exocytosis as depending on the 515 Ca 2+ concentrations in the microdomains surrounding P/Q-and L-type Ca 2+ channels, and the submembrane Ca 2+ concentration. The model [85] is able to reproduce the inhibitory effect of glucose increase on electrical activity, characterized by spikes with reduced amplitude [89] . The decrease of spike amplitude determines a significant reduction in glucagon se-520 cretion, in particular, the P/Q-type Ca 2+ channel-dependent secretion is significantly reduced because few P/Q-type Ca 2+ channels activate, whereas there is little variation in simulated microdomain Ca 2+ levels [85] . Thus, it is the reduc- levels increased in our simulation. Similarly, when we simulated the inhibitory effect of GLP-1 on P/Q-type Ca 2+ channels, glucagon secretion was reduced because of closing of the P/Q-type channels, and not because of a reduction in local or global Ca 2+ concentrations [85] .
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The model was also able to reproduce the effect of adrenaline at low (1 mM) and at physiological (6 mM) glucose levels. The adrenaline effect is simulated by increasing the L-type Ca 2+ channel conductance, and decreasing the threshold value for exocytosis near L-type Ca 2+ channels, in order to model the cAMP-mediated increase of the L-type Ca 2+ currents, and possible priming or 535 recruitment of granules around the L-type Ca 2+ channels [83, 90] . Moreover, we included the antagonistic effect of cAMP on P/Q-type Ca 2+ channels, as for the GLP-1 simulation. At both glucose levels, in response to adrenaline, the simulated electrical activity exhibits reduced spike amplitude with an additional decrease at the higher glucose level. The L-type Ca 2+ channels mainly 540 determine the glucagon secretion increase due to adrenaline: the microdomain Ca 2+ concentration surrounding the open L-type Ca 2+ channels increases at both glucose levels and is much higher than the threshold value for exocytosis. This effect compensates for the small decrease in the open probability for the L-type Ca 2+ channels. The P/Q-type Ca 2+ channel-dependent secretion is 545 significantly reduced, as for the simulated GLP-1 effect, while the intracellular Ca 2+ concentration shows a small increase. Thus, in our model [85] , adrenaline can effectively shift exocytosis from P/Q-type to L-type Ca 2+ channels, as has been suggested previously [83, 91] .
For the simulated effects produced by glucose increase and adrenaline, the 550 model showed a rise of the bulk cytosolic Ca 2+ levels during the simulated effects. However, only for adrenaline was an increase of glucagon secretion correlated with a rise in global Ca 2+ . Interestingly, bulk α-cell Ca 2+ levels in response to elevations in glucose concentrations have been reported to increase [91, 92] , remain unchanged [93, 94] , or even decrease [95, 96] . Hence, whole-cell
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Ca
2+ concentrations does not necessarily reflect glucagon secretion, as shown by our simulations. In particular, our model highlights how glucose uncouples the positive relationship between the cytosolic Ca 2+ concentration and secretory activity [92] because of control of exocytosis by Ca 2+ microdomains and mechanisms downstream of electrical activity. 
Conclusions
In this review we provided an overview of recent quantitative approaches to the study of exocytosis with focus on local control of exocytosis by Ca microdomains. Reflecting our current personal interests, we have limited the discussion mostly to endocrine cells, and only briefly treated models of dynamics 565 between different pools of granules.
An important aspect presented here is that whole-cell models should be consistent with the mechanisms operating on lower biological scales, as discussed in Section 6. This approach is needed to investigate thoroughly how glucagon secretion can 'decouple' from global Ca 2+ levels, as shown in Section 7. Although 570 local Ca 2+ elevation due to buffered diffusion can be simulated and provide important insight into local control of exocytosis (Sections 4 and 5), we advocate that simplifications considering microdomains as compartments give important insight at the whole-cell level. In other words, the model should be chosen according to the purpose.
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We have given examples of two kinds of mathematical models. One is used to get insight into a particular experiment. This was for example the case for our diffusion model, which was developed to understand better the TIRF data (Section 4). In particular, the model highlighted that the Ca 2+ -sensor signal saturated, and hence that the amplitude of the signal did not give much infor-580 mation. In contrast, the risetime of the signal showed a robust relation to the distance to a Ca 2+ channel. Another example of such experiment-specific modeling was the investigation of the relation between capacitance increases and Ca 2+ influx in the pulse-length protocol (Section 6.1 and [70] ). Because of the close relation to experimental data, these models are advantageously combined 585 with advanced statistical methods, such as time-to-event analysis (Section 4) and mixed-effects modeling (Section 6.2) in order to perform powerful and statistically sound inference.
The other type of model is used to simulate 'what-if' scenarios. For example, we have investigated how different electrical patterns control exocytosis in pitu-590 itary cells (Section 5 and [67] ). We also investigated if the biological hypotheses concerning differential control of exocytosis by different types of Ca 2+ channels in α-cells were consistent with data, and could simulate e.g. the mechanisms of adrenaline-stimulated glucagon secretion at various glucose levels (Section 7 and [85] ).
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In summary, mathematical and statistical modeling can and should be used to maximize the information that can be extracted from exoytosis data, to investigate specific biological hypotheses, and to predict the answer to 'what-if' questions, thus suggesting new experiments.
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